Absolute transition probabilities have been measured for lines originating from the 5d 9 6d and 5d 9 7s electronic configurations in the spectrum of singly ionized gold (Au II). The laserinduced breakdown spectroscopy has been applied to free gold atoms and ions produced by laser ablation. Absolute transition probabilities have been determined using the branching fraction and the Boltzmann plot methods. Theoretical branching fractions as well as radiative lifetime values have also been obtained by a relativistic Hartree-Fock method taking core polarization and configuration interaction effects into account. The new results are compared with previous results when available.
I N T RO D U C T I O N
The investigation of stellar abundances of heavy elements, including gold, is important in astrophysics in relation with nucleosynthesis processes. In that field, new determination of accurate transition probabilities for singly ionized gold (Au II) lines is needed and timely, particularly for the analysis of chemically peculiar (CP) stars spectra.
Au II lines have indeed been identified in Ap and Bp stars (Fuhrmann 1989; Adelman 1994; Castelli & Hubrig 2004) . The overabundances of some heavy elements, including gold, have also been extensively discussed in the literature (Wahlgren et al. 1995; Brandt et al. 1999; Wahlgren et al. 2001; Castelli & Hubrig 2004) and these investigations emphasize the need for additional determination of atomic parameters, particularly for singly ionized gold.
In plasma physics, gold is used as an active medium in metal vapour lasers. Numerous laser transitions, in the spectral range 253-763 nm, have been observed when exciting a helium discharge in a gold-plated hollow cathode by Reid et al. (1976) . Consequently, the determination of accurate radiative parameters of Au II excited states, including transition probabilities, is of great interest.
Transition probabilities and oscillator strengths in the spectrum of singly ionized gold are rather sparse, particularly on the experimental side.
Transition probabilities of two-electron 5d 8 (n+1)s 2 -5d 9 (n+1)p transitions in Au II spectrum have been evaluated in a Hartree-Fock approximation (length and velocity forms of the transition operator) E-mail: E.Biemont@ulg.ac.be by Blagoev et al. (1990) . The radiative lifetimes of 11 excited states belonging to the 5d 9 6p electronic configuration of Au II have been measured by Beideck et al. (1993) with the beam-foil spectroscopy method. Theoretical lifetimes have been calculated by the same authors using the Cowan's codes (Cowan 1981) . Radiative lifetimes of excited states belonging to the Au II 5d 9 6s, 5d 9 6p and 5d 9 7s configurations and the transition probabilities of 5d 9 6s-5d 9 6p, 5d 10 -5d 9 6p and 5d 9 6p-5d 9 7s transitions have been obtained theoretically using a Hartree-Fock method in intermediate coupling by Loginov & Tuchkin (1998) . In the paper of Rosberg & Wyart (1997) , gf values for some transitions arising from the 5d 9 7p, 5d 8 6s6p, 5d 9 6p, 5d 9 7s, 5d 9 8s, 5d 9 6d and 5d 7 6s 2 6p configurations of Au II have been calculated by Cowan's computer codes. Theoretical transition probabilities and oscillator strengths obtained with a method of superposition of configurations (length and velocity formalisms) have been published for 5d
10 -5d 9 6p and 5d 9 6s-5d 9 6p transitions of Au II by Bogdanovich & Martinson (2000) . In the same work, theoretical radiative lifetimes of the upper 5d 9 6p states of the investigated transitions have also been reported. More recently, Zhang et al. (2002) reported the lifetimes for three of the 5d 9 6p excited levels of Au II measured with the time-resolved laser-induced fluorescence (TRLIF) method. The same lifetimes and the gf values for the 5d 9 6s-5d 9 6p transitions have been computed by a relativistic multiconfiguration Dirac-Fock (MCDF) method. Very recently, Fivet et al. (2006) measured the radiative lifetime of one 5d 9 6p level of Au II using the TRLIF technique as well, a lifetime which was found in agreement with the theoretical value obtained in the same paper by a relativistic Hartree-Fock (HFR) method taking core polarization and configuration interaction effects into account. In the same paper, oscillator strengths for sixty-three 9 6s-5d 9 6p, 5d 9 6p-5d 9 7s and 5d 10 -5d 9 6p ultraviolet transitions have been obtained.
In this paper, we report on transition probabilities for spectral lines of astrophysical interest emitted from 6d and 7s configurations of Au II (Fig. 1) , transitions which, up to now, have not been considered experimentally. Some of the transitions included in the line list are of special interest for laser physics.
This work on Au II is the continuation of a long-term effort for improving the radiative data for heavy elements belonging to the sixth row of the periodic table. Some of the results obtained previously are stored in a data base created on a web site of Mons University (Fivet et al. 2007 ) (data base Database on Sixth Row Elements at the address: http://www.umh.ac.be/∼astro/desire.shtml) where the relevant references can be found.
E X P E R I M E N T
The measurements were carried out using the laser-induced breakdown spectroscopy (LIBS). A schematic diagram of the experimental setup is shown in Fig. 2 . This experimental arrangement is similar to the one used in our previous works (Campos et al. 2005; Ortiz et al. 2007) . Consequently, only a brief description is given here.
Free gold atoms and ions were produced by laser ablation using a Nd:YAG laser (YG 585 Quantel) at 1064 nm wavelength with 7 ns pulse duration at 20 Hz and 160 mJ pulse energy. The plasma is generated by focusing the laser beam on to the sample surface. The rotating target, made of 99.9999 per cent pure gold, was placed in a vacuum chamber filled with Ar at 8 Torr pressure. The light emission from the plasma was directed on to the entrance slit of a 1-m grating Czerny-Turner monochromator with 2400 groves/mm and 0.03 nm resolution. The gold spectrum was registered by a time-resolved optical multichannel analyzer system (OMA III, EG& G) having 1024 channels. This system allowed the recording of 10-nm spectrum sections. Every spectral region was registered after different delay times (i.e. 100, 200, 300 and 500 ns, respectively) following the laser pulse (Fig. 3) . The examination of the plasma evolution with time provides the possibility of choosing the optimal value of this delay by retaining the best signal-to-noise ratio. We adopted the spectra registered at 200 ns after the laser pulse for the determination of the experimental transition probabilities. The experiment was carried out with a glass filter placed in front of the entrance slit of the monochromator allowing, in this way, to avoid the possible influence of the second order spectra.
The calibration of the spectral response of the experimental system and of the OMA photodiode array was determined according to the method described in our previous paper (Xu et al. 2004) . The total error due to the calibration of the system is estimated at about 6 per cent.
In addition to Ar, the experiments were also carried out using Ne as buffer gas in order to detect Ar lines that could be responsible of blending problems with Au lines.
The spectral lines were analysed using a special software allowing to deduce the main line parameters, that is, the intensity, the width at half maximum, the Gaussian and the Lorentzian components of the profiles. With this programe, it was possible to calibrate the spectrum to substract the background and to separate the overlapping or closely spaced spectral lines. The intensities from 10 different measurements were averaged to determine the final value of each line.
The experimental relative transition probabilities were normalized using the theoretical estimates of the radiative lifetimes of the upper levels of the transitions as calculated in this work (see Section 3). The corresponding HFR lifetimes are reported in Table 1 .
The transition probabilities for some of the transitions investigated in this work were determined using a Boltzmann plot. The hypothesis of local thermodynamic equilibrium (LTE) was made involving that the Saha and the Boltzmann laws were valid. For Table 1 . HFR lifetime values (in ns).
satisfying the LTE hypothesis, the criterion proposed by Griem (1964) (see also Thorne 1988 ) was adopted:
N e > 9.10 17 kT 13.6
where N e is the electronic density in cm −3 , T is the temperature expressed in K and E is the maximum energy difference in eV.
Considering that the ionic broadening parameter is negligible because its weight is generally lower than 2 per cent, it is possible to determine the electronic density by the formula:
where ω is the Stark broadening that can be found in the literature and λ is the FWHM of the spectral line profile. Using the Boltzmann equation, the following formula can be written as
where C is a constant. For obtaining the plasma temperature, a Boltzmann plot has to be considered, that is, a plot of ln(I/gA) versus the energy of the upper level of the transition (Fig. 4) . The plasma temperature can be obtained from the slope of this plot. Some of the transition probabilities of the spectral lines investigated in this work were determined using equation (3). They are marked with an asterisk in Column 6 of Tables 2 and 3. The plasma temperature was assumed to be T = 18 700 ± 2000 K and the adopted electron density was N e = (1.51 ± 0.28) × 10 17 cm −3 . Since the limit for the Griem criterion is 3.4 × 10 16 cm −3 , we can conclude that our plasma satisfies the LTE hypothesis.
The value of the temperature was derived from a Boltzmann plot for Au II (Fig. 4) The possible presence of self-absorption effects in the plasma was evaluated by considering the estimated electron density. Once the total density of Au II was deduced from the corresponding densities of the different species present in the plasma, the intensity of the absorption line could be integrated along the profiles for all the lines observed in the plasma. In fact, we calculated the ratio between the observed intensity and the one emitted by an optically thin plasma (the condition being that the optical depth is much lower than 1 (Thorne 1988) ), that is,
where K(λ) is the self-absorption coefficient and D (expressed in cm) is the plasma thickness (estimated to be around 1 mm in our experiment). If this ratio exceeds 0.97, which would be equivalent to a self-absorption lower than 3 per cent, the plasma can be considered as optically thin. Since the largest effects were found to be lower than 3 per cent [for the Au II line at 192.457 nm with K(λ) = 0.28], we may consider that the self-absorption effects are negligible for the investigated transitions.
H F R C A L C U L AT I O N S
Gold is a heavy atom (Z = 79) and performing accurate atomic structure calculations in Au II requires that both relativistic and correlation effects are considered simultaneously. In the framework of the HFR approach (Cowan 1981) , the relativistic corrections were the mass-velocity, the one-body Darwin terms and the Blume-Watson spin-orbit interaction. The latter contribution includes the part of the Breit interaction that can be reduced to a one-body operator. The correlation effects were included in different ways following the type of interactions, that is, valence-valence or core-valence contributions. Core-valence interactions were taken into account through a polarization model potential and a correction to the dipole operator according to a well-established procedure (see e.g. (Quinet et al. 1999) ) giving rise to the HFR + Core-poralization (CPOL) method. The calculations in Au II have been described previously (Fivet et al. 2006 ) and, consequently, only a short summary of these calculations is reported here.
The configurations retained explicitly in the model were: 5d 10 , 5d 9 6s, 5d 9 7s, 5d 9 8s, 5d 9 6d, 5d 9 7d, 5d 8 6s 2 , 5d  8 7s  2 , 5d  8 6p  2 , 5d  8 7p  2 ,  5d 8 6s7s, 5d 8 6s6d, 5d 7 6s 2 6d and 5d 7 6s6p 2 (even parity), and 5d 9 6p, 5d 9 7p, 5d 9 5f, 5d 9 6f, 5d 8 6s6p, 5d 8 6s7p, 5d 8 6s5f, 5d 8 6s6f, 5d 7 6s 2 6p, 5d 7 6s 2 5f and 5d 7 6s 2 6f (odd parity). The level values adopted for the fitting procedure were taken from Rosberg & Wyart (1997) . These authors have thoroughly investigated the Au II spectrum and their analysis includes 450 classified lines and 120 energy levels. 37 even levels and 84 odd levels were retained in the fit of this work. The parameters (slater integrals) not adjusted in the calculation were (even parity) and 194 cm −1 (odd parity), respectively. The value of the dipole polarizability was adopted from Fraga, Karwowski & Saxena (1976) , that is, α d = 4.45 au, while the cut-off radius, which corresponds to the mean value < r> of the outermost orbital of the core 5d 7 , was chosen equal to r c = 1.47 au. The Au II HFR lifetime values reported by Fivet et al. (2006) for the 5d 9 6p configuration were found to agree well with experiment (Beideck et al. 1993; Zhang et al. 2002) , the only exception being the level at 85 708 cm −1 . For 76 660 cm −1 , the HFR value, in good agreement with the MCDF value, confirmed the laser-induced fluorescence measurements of Zhang et al. (2002) but not the beam-foil measurement of Beideck et al. (1993) . The lifetimes calculated by Bogdanovich & Martinson (2000) and, to a lesser extent, by Beideck et al. (1993) (HFR approach), were found systematically to be too low (lower than all the other results), the discrepancies being attributed to the rather simple model adopted by these authors that did not take the CPOL effects into account.
The oscillator strengths of the 5d 9 6p-5d 9 6d and 5d 9 6p-5d 9 7s transitions of Au II are reported in Tables 2 and 3. In our previous paper, the HFR oscillator strengths for the 5d 9 6s-5d 9 6p transitions did agree quite well with the MCDF results. Large discrepancies with the results of Rosberg & Wyart (1997) , also obtained with Cowan's code, were observed and could be explained by the fact that Rosberg & Wyart (1997) have considered, in their calculations, a very limited number of configurations (in fact the configurations observed experimentally) and have not retained the CPOL effects. Our calculations, which do include more correlation effects, are in good agreement with the MCDF data of Zhang et al. (2002) . Similar considerations apply to the 5d 10 -5d 9 6p transitions. A better agreement with the calculations of Rosberg & Wyart (1997) is observed for the 5d 9 6p-5d 9 7s transitions but it should be emphasized that, for these transitions, CPOL effects are much smaller.
R E S U LT S A N D D I S C U S S I O N
The experimental and the theoretical transition probability values obtained in this work are presented in Tables 2 and 3 for 6p-7s and 6p-6d transitions, respectively, where they are compared with previous results when available (Rosberg & Wyart 1997; Loginov & Tuchkin 1998) . The wavelengths and energy levels are taken from Rosberg & Wyart (1997) . The wavelengths taken from older compilations (Harrison 1939; Zaidel et al. 1968) were also considered. Some wavelengths, not observed in Rosberg & Wyart (1997) , whose upper levels belong to the 6d states with energies larger than 129 287 cm −1 , were calculated using the energy levels taken from Rosberg & Wyart (1997) and from Moore's tables (Moore 1958) .
The experimental relative transition probabilities were converted into an absolute scale using the HFR theoretical values for the radiative lifetimes calculated in this work and reported in Table 1 .
The gA values evaluated from a Boltzmann's plot are indicated with an asterisk (Table 2) or with the letter a ( Table 3 ). The spectral lines of special interest for laser physics (Ivanov, Latush & Sem 1996) are underlined. These laser lines have been observed in quasi-CW and CW hollow cathode discharges using He as a buffer gas (Reid et al. 1976; Jain 1980) .
In the evaluation of the total errors, the contributions arising from the calibration of the recording system as well as those originating from the statistical errors and from the plasma temperature determination were taken into account. The total experimental errors are, for almost all the transitions, included in between 6 and 25 per cent for the measured transition probabilities and in between 14 and 32 per cent for the values obtained from a Boltzmann's plot.
For some transitions, there are no experimental transition probabilities reported in the tables. This is due either to the fact that the corresponding wavelengths were outside of the accessible spectral range (190-600 nm) or to blending problems of the lines with other gold transitions or with transitions originating from the buffer gas.
For most of the lines, we observe a good agreement between the experimental transition probabilities and the HFR ones keeping in mind that the results derived from the Boltzmann's plots are affected by larger uncertainties.
Some of the theory-experiment discrepancies can be explained by blending problems affecting the measurements which are due to 6s 2 -6s6p and 6p-6d Au II transitions. The details can be found in the notes to Tables 2 and 3. Some differences remain unexplained for a few lines, the most notable case being the 6s-6p transition at 221.56 398 nm for which a discrepancy reaching a factor of 2 is observed between the experiment and the different theoretical values (which are in good agreement).
The agreement of our HFR values with previously published results (Rosberg & Wyart 1997; Loginov & Tuchkin 1998 ) is also reasonable, the discrepancies observed with the results of Rosberg & Wyart (1997) being explained by the fact that these authors did consider configuration interaction effects in a more limited way and, more particularly, did not take core polarization effects into account.
C O N C L U S I O N S
The absolute transition probabilities of the transitions originating from the 5d 9 6d and 5d 9 7s electronic configurations of Au II have been measured from a combination of lifetime calculations by the HFR method and of relative measurements by the LIBS method. These first experimental results for the 6p-6d and 6p-7s transitions agree reasonably well with the theoretical results obtained with a relativistic Hartree-Fock method, taking core polarization effects into account. There is also generally a good agreement with previously published results.
In the few cases where a discrepancy is observed between the theoretical and the experimental scales of A values, we would suggest to adopt as a first choice the experimental results which are considered as the best results presently available for these transitions.
This first set of experimental results is expected to be useful not only for the astrophysicists but also for the physicists working in plasma physics and in laser physics.
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